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The effect of vanadium loading on the structure and the catalytic behavior of silica-supported
vanadium oxide catalysts in the selective oxidation of butane was investigated in a continuous flow
reaction system using catalysts containing loadings of 0.53, 0.58, or 6.4 wt% vanadium supported on
Davison or Cabosil silica. The lower loading samples were found to be more selective for oxidative
dehydrogenation. At 520°C, with a feed of He/O,/C,H,, = 88/8/4 at a total flow rate of 100 ml/
min, the total dehydrogenation selectivity on the 0.58 wt% V sample was 65 and 509 at butane
conversions of 5 and 20%, respectively, whereas they were 42 and 5% on the 6.4 wt% V samples.
The activation energies for the oxidation of butane were about 110 kl/mol for the lower loading
samples and 164 kJ/mol for the higher loading samples. At 520°C, the activity per vanadium was
comparable for the different samples. Laser Raman spectra of fresh catalysts indicated that only
a well-dispersed vanadia species existed on the 0.58 wt% V sample, while crystalline V,0; was
also formed on the 6.4 wt% V samples. The ratio of well-dispersed to crystalline vanadia species
on the fresh catalysts was higher for the Cabosil silica-supported sample than the Davison silica-
supported sample. After reaction, the spectra of the 0.58 wi% V samples did not indicate any
changes. However, significantly more crystalline V,04 was found on the 6.4 wt% V samples on
both silica supports, indicating that aggregation of vanadia had occurred during reaction. The higher
total dehydrogenation selectivity on the 0.58 wi% V samples was attributed to the presence of the
well-dispersed vanadia, while the presence of crystalline V,Ojs species on the higher loading samples

contributed to the production of total oxidation products.

INTRODUCTION

Catalysts based on vanadium oxide are
frequently used in selective oxidation reac-
tions due to their high activity and selectiv-
ity for partial oxidation products. Over the
years, it has been found that the catalytic
properties of V,05can be enhanced by oxide
supports such as alumina and, especially,
titania (/, 2). It is accepted that the vanadia
species interact with the support in various
forms depending on the nature of the sup-
port such that VO, units on the supports
can be quite different from those in V,0q
(3-5). In general, at low loadings, vanadia
exists in a highly dispersed form. Crystal-
lites of V,O; form only at high loadings. The
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interaction of vanadia with silica and the
structure of the VO, units on the support
have been studied by a number of investiga-
tors recently (6—17). While differences ex-
isted in the details in these reports due to
the type of silica used and its physical prop-
erties, it has been observed that in general,
highly dispersed monomeric surface va-
nadia species proposed to be (Si-O)=
V=0 and possess a characteristic peak at
about 1040 cm™! in the laser Raman spec-
trum were found on silica-supported sam-
ples with very low loadings of vanadia
(13-15, 18). Crystalline V,05 has been de-
tected on the samples well below an equiva-
lent of monolayer coverage as the vanadium
loading was increased. On other supports
such as alumina, dispersed surface poly-
vanadate species characterized by laser Ra-

202



EFFECT OF VANADIA LOADING ON SILICA IN BUTANE OXIDATION

man peaks at 860-960 cm ™! have also been
reported to exist (/7, 19). These polyvana-
date species have not been detected on
silica.

There have been several studies on alkane
oxidation using silica-supported vanadia
catalysts (20-24). However, only afew have
investigated the effects of loading and struc-
ture. Oyama and Somorjai (23) studied the
oxidation of ethane over Cabosil silica-sup-
ported vanadia and proposed that at ethane
conversions of less than 2%, the reaction of
ethane to selective oxidation products eth-
ene and ethanal was structure-insensitive
while the reaction to CO, was structure-sen-
sitive. In contrast, Le Bars ef al. (24) also
studied the oxidation of ethane over silica-
supported vanadia and found that the rate
of production of ethene (in mol/s-g V,0y)
reached a maximum at less than 1 wt% va-
nadia loading, and decreased as the loading
was increased to 20 wt% V,Os. Thus, there
are indications that the catalytic behavior
of these different vanadia species on silica
for alkane oxidation varies. We report here
our investigation of the effect of loading on
the structure and catalytic behavior of silica-
supported vanadia catalysts for the oxida-
tion of butane.

EXPERIMENTAL
Catalyst Preparation

Davison silica Grade 62 (250 m*/g) and
amorphous fumed Cabosil silica Grade EH-
5 (380 m*/g) were used as support. The Davi-
son silica was washed to remove sodium
and calcium impurities by stirring in 1.0 M
nitric acid at 85-90°C for 3-4 days, washing
in deionized water by decantation, drying
at 100°C overnight, and heating to 550°C for
5—6 hours. This silica was labelled AWS.
The AWS-supported samples were pre-
pared using impregnation by incipient wet-
ness with aqueous solutions of ammonium
metavanadate (Johnson Matthey 99.99%)
with 2 mol of oxalic acid (Alfa 999%) added
for every mole of ammonium metavanadate
used. Approximately 1 ml of deionized wa-
ter per gram of silica was used to prepare
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the solutions. The samples were dried over-
night at 100°C and calcined at 550°C for 6
h. The surface areas of the 6.4V-AWS and
0.58V-AWS were measured using N, ad-
sorption to be 150 and 230 m®/g, respec-
tively.

The Cabosil silica was used as received.
The supported vanadia samples were pre-
pared as the AWS samples using impregna-
tion by incipient wetness. They were dried
at 300°C for 2 h before calcination at 550°C
for 6 h.

The concentrations of impurities and va-
nadium in the samples were determined us-
ing inductively coupled plasma (ICP). To
prepare for ICP analysis, the samples were
dissolved in 100 ml of a 0.1 vol% HF solu-
tion. The catalysts prepared with the AWS
were found to contain 6.4 wt% V and
0.58 wt% V. These samples are labelled
6.4V-AWS and 0.58V-AWS, respectively.
Similarly, Cabosil silica-supported samples
containing 6.4 wt% V and 0.53 wt% V
are labelled 6.4V-Cab and 0.53V-Cab, re-

spectively.
Unsupported V,O; was prepared by
calcining ammonium metavanadate

(99.99%) at 550°C for 6 h. The surface area
of the unsupported V,0O; was measured
using N, adsorption to be approximately
3 m/g.

Reuction Studies

Reactions were conducted in a quartz
microreactor of 13 mm i.d. at 500, 520, or
540°C and near atmospheric pressure. The
total flow rate was 50, 100, or 200 ml/min
with a feed composition of He/O./C,H,, =
88/8/4. Between 0.015 and 1.5 g of the cata-
lyst was packed between quartz wool plugs.
Quartz chips were used to dilute the 6.4V-
AWS and 6.4V-Cab samples to a bed length
of approximately | cm. The remaining reac-
tor volume was filled with quartz chips to
quench gas-phase reactions. When an
empty reactor was filled with quartz chips,
the butane conversion was negligible at
520°C. A thermocouple inside the catalyst
bed was used to record the reaction temper-
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ature. Product gases were analyzed with on
line gas chromatography. A 6-ft molecular
sieve column operated at room temperature
was used to detect CO and O,, and a 20-ft
VZ-7 column (Alltech) at room temperature
was used to detect CO, and hydrocarbons.
An 8-ft Graphpac GB column (Alltech) tem-
perature programmed from 120 to 190°C was
used to screen for oxygenates. The products
detected were CO, CO,, ethene/ethane,
propane/propene, i-butene, cis-, and trans-
2-butene, 1,3-butadiene, and small quanti-
ties of oxygenates including ethanal, propa-
nal, and maleic anhydride. Conversions
were defined as the percentage of butane
in the feed which has reacted. Selectivities
were defined as the percentage of butane
reacted to a specific product. The carbon
balances in all the experiments were within
100 = 4%. At low conversions, the conver-
sion varied linearly with the W/F ratio (W
is catalyst weight, F is feed flow rate). Thus
the kinetics was not affected by external
mass transfer effects. Furthermore, cata-
lysts prepared with mesh sizes from 60 to
200 showed no variation in catalytic activity
or selectivity. Thus pore diffusion was not
limiting either.

Laser Raman Spectroscopy

Laser Raman spectra were collected us-
ing the 514.5-nm line of a Coherent INOVA
70-2 Ar ion laser. A laser power of 25 mW
was used and the spectra were collected for
150 to 1000 s. Approximately 0.2 g of each
sample was pressed into a pellet. Fresh
6.4V-AWS and 6.4V-Cab samples were pre-
treated by heating in vacuo at 520°C for 1 h
to remove adsorbed water and then were
exposed to 1 atm dry O, at 520°C for
0.5 h. The spectra were collected in O,.
Fresh 0.58V-AWS and 0.53V-Cab samples
were treated as described above at 600°C.

To obtain spectra of the 6.4V-AWS, 6.4V-
Cab and 0.58V-AWS samples that had been
used for reaction, the reactor was purged
with He at reaction temperature immedi-
ately after the reaction run. The sample was
then treated in a flow of 63 ml/min of a He/
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0, (13 vol% O,) mixture at 520°C for 3 h. The
sample was cooled in this He/O, stream, and
without exposure to air, pressed into a wafer
and transferred to the sample holder in adry
box with an N, atmosphere. Raman spectra
were collected without further treatment.
The 0.53V-Cab sample was exposed to air
after reaction, then heated in vacuo at
600°C for 1.0 h, and then exposed to 1 atm
dry O, at 600°C for 0.5 h before the spectra
were collected in O,.

Thermogravimetric Analysis

Thermogravimetric analysis (TGA) were
conducted with a TC2 Dupont 9900 instru-
ment. A sample each of 0.58V-AWS and
6.4V-AWS, sufficient to produce approxi-
mately 20% butane conversion, were ex-
posed to the reaction conditions as de-
scribed above for 4 h. The samples were
then transferred to the TGA cell. A stream
of He with 10 voi% O, at 80 ml/min was
passed over the sample while the tempera-
ture was raised at 10°C/min to 100°C to re-
move adsorbed water. The temperature was
held at 100°C for 60 min and then raised at
10°C/min to 600°C.

The carbonaceous residues formed on the
0.58V-AWS and 6.4V-AWS samples were
analyzed by measuring the amount of CO,
burned off from samples that had been used
forreaction for 2 h. The amounts of catalysts
used were sufficient to effect about 20% bu-
tane conversion. After reaction, the reactor
was purged with He for 1 h at reaction tem-
perature. The samples were then heated at
520°C in a flow of He and 6.4 vol% O, for
10-15 min. Approximately 0.2 g of a 1.5
wt% Pt/SiO, catalyst was placed in series
after the vanadia catalyst to combust any
CO or other desorbed organic products to
CO,. A trap filled with Chromosorb P pack-
ing kept at approximately —95°C with an
acetone slush bath was used to trap the CO,
for gas chromatographic analysis later.

RESULTS
Reaction Studies

The predominant products in the oxida-
tion of butane over the four catalysts studied
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Fi1G. 1. Total dehydrogenation selectivity (1-butene,
cis- and trans-2-butene, and 1,3-butadiene) versus bu-
tane conversion at 520°C, He/O,/C,H,, = 88/8/4, 1
atm.

were dehydrogenation products (1-butene,
cis- and trans-2-butene and 1,3-butadiene)
and combustion products (carbon oxides).
Small amounts of lower hydrocarbons and
oxygenates were also detected. Figure 1
shows the dependence of selectivity for oxi-
dative dehydrogenation products (butenes
and butadiene) on butane conversion. Over
the range of conversions studied, the selec-
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tivity was found to be higher on the 0.58V-
AWS and 0.53V-Cab samples than the 6.4V -
AWS and 6.4V-Cab samples. No dehydro-
genation products were detected with un-
supported V,0Ojs at these conversions. Table
I shows a more detailed listing of some rep-
resentative product distributions for these
samples. As indicated in Table 1, at the reac-
tion conditions investigated, the unsup-
ported silica was slightly active, However,
the yield of dehydrogenation products pro-
duced on the silica was too small to account
for the differences in dehydrogenation se-
lectivity between the vanadia samples.

Before reaction, the 6.4V-AWS and 6.4V -
Cab samples were dark orange. However,
after reaction these samples turned dark
green or black. The original orange color of
both samples was restored only after treat-
ment at elevated temperatures in a flow of
He and O,. The 0.58V-AWS and 0.53V-Cab
samples were light yellow before reaction.
They were white immediately after reaction,
but returned to their original light-yellow
color once exposed to air.

Activation energies for the samples were
determined over the temperature range 500
to 540°C using conversion data from 0 to
5%. They were found to be 112 = 15 and

TABLE 1

Reaction Data for V/SiO, at 520°C, He/O,/C,H,, = 88/8/4

Catalyst wt(g) Flow rate Conv(%) Selectivity (%) Dehy.
cm?®/min yield”
co co, ¢Jy¢, 1-¢, C, c-C, 13-C, Oxy* TDS"
6.4V-Cab 0.0159 200 3.0 15 17 8 26 20 14 0 0 60 1.8
6.4V-Cab 0.026 100 8.0 39 26 5 14 7 6 3 5 30 24
6.4V-Cab 0.1 100 20.0 S6 27 0 h 3 2 1 6 11 22
6.4V-Cab 0.15 100 29.0 56 34 0 2 1 1 0 5 4 1.2
6.4V-AWS  0.0249 200 4.0 28 023 8 21 11 9 0 0 41 1.6
6.4V-AWS  0.15 200 20.0 56 31 1 6 3 3 0 0 12 24
0.53v-Cab 0.2 100 5.0 8 14 10 22 19 17 6 4 64 3.2
0.53v-Cab 0.5 50 22.8 19 11 11 23 7 9 7 14 46 10.4
0.58V-AWS 0.2 100 6.0 12 10 6 26 15 15 9 7 65 3.9
0.58V-AWS 0.5 100 20.0 1S 15 9 22 10 10 8 10 50 10.0
V,04 1.5 50 11.0 34 58 0 7 0 0 0 0 7 0.8
AWS 1.5 100 4.0 34 13 19 9 10 8 8 0 35 0.93/g cat
Cabosil 0.25 100 1.5 3 14 16 31 18 16 0 0 65 3.91/g cat

 Possible oxygenates include acetaldehyde, acetone, and propionaldehyde.

* TDS = total dehydrogenation selectivity.

“ Dehy. vield = (% conv) x (selectivity), maximum = 1009%.

4T = S40°C.
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Fi1G. 2. Arrenhius plot of the 6.4V-AWS and 6.4V-
Cab samples.

101 = 15 kl/mol for the 0.58V-AWS and
0.53V-Cab samples, respectively, and
164 + 15 kJ/mol for the 6.4V-AWS and
6.4V-Cab samples. The Arrenhius plots are
shown in Figs. 2 and 3. Table 2 shows the
rate per mole of vanadium for the AWS sam-
ples evaluated at about 5% conversion. The
rates were similar on the two samples.

Laser Raman Spectra

The color of the fresh 0.58V-AWS and
0.53V-Cab samples changed from light yel-
low to white during evacuation to remove
adsorbed water, whereas the color of the
fresh 6.4V-AWS and 6.4V-Cab samples
changed from dark orange to a lighter or-
ange. Figure 4 shows the Raman spectra of
the AWS-supported samples. Curve 4D is
the spectrum of the fresh 0.58V-AWS sam-
ple. The dominant feature in it was the band
at 1040 cm ™! attributed to a well-dispersed
vanadia species (13—17, 19) and features of
the silica support which are shown in Curve
4F. No peaks indicating the presence of
crystalline V,0; (at approximately 998, 703,
526, 480, 404, 304, and 284 cm ™' (25} as
shown in Curve 4A) were observed. The
spectrum of the 6.4V-AWS sample is shown
in Curve 4B. It showed features characteris-
tic of crystalline V,0s in addition to a peak
attributed to the well-dispersed vanadia
(1040 cm ™ ').
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F1G. 3. Arrenhius plot of the 0.58V-AWS (@) and
0.53V-Cab (C) samples.

Curve 4C shows the Raman spectrum of
the 6.4V-AWS samples after reaction. Com-
pared to the spectrum of the fresh sample
(Curve 4B), there was a decrease in the in-
tensity of the 1040-cm ™~ peak relative to the
998-cm ! peak. A 6.4V-AWS sample which
had not been exposed to reaction conditions
but was treated in a flow of He and O, at
520°C and prepared in the same manner as
the samples which were treated after reac-
tion did not show any obvious change in the
Raman spectrum compared with the fresh
sample treated in vacuo. Thus, the spectral
change was due to use of the samples in
reaction and not due to the postreaction
treatment.

Figure 5 shows the Raman spectra of the
Cabosil silica-supported samples. Curve 5B
shows the spectrum of the 6.4V-Cab sam-
ple. Similar to the 6.4V-AWS sample (Curve

TABLE 2

Rate per mol V for AWS Supported Samples

T¢C) Rate (mol/min-mol V) Rate (mol/min-mol V)
0.58V-AWS(x 10%) 6.4V-AWS (x 107)

500 12.0 = 0.7 83 =13

520 16.0 = 1.3 16.0 = 0.7

540 28.0 = 3.1 290=* 1.4

Note. Feed: He/O./CHy, = 88/8/4- total flow rate = 100 or
200 ¢m'/min; for a conversion of approximately 5.0% butane.
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Fi1G. 4. Laser Raman spectra of (A) unsupported
V0« (untreated), (B) 6.4V-AWS before reaction, (C)
6.4V-AWS after reaction, (D) 0.58V-AWS before reac-
tion, (E)0.58V-AWS after reaction and (F) AWS. Sam-
ples in (B) and (F) were treated in vacuo at 520°C for
1 h and exposed to dry O, at 520°C for 0.5 h. Spectra
were collected in an O, atmosphere. Sample (D) was
treated in vacuo and in dry O, as described above at
600°C. Samples in (C) and (E) were exposed to a He/
0, (10%) feed at 520°C for 3 h after reaction. Spectra
were collected in an N, atmosphere.

features characteristic of crystalline
-1

4B),
V,0; were detected as well as the 1040-cm
peak characteristic of well-dispersed va-
nadia. However, the ratio of peak areas of
dispersed vanadia to crystalline V.04 was
much higher for the 6.4V-Cab sample than
that for the 6.4V-AWS sample. The spectra
of the 0.53V-Cab sample (Curve 5D) was
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similar to the 0.58V-AWS sample, showing
only features characteristic of dispersed va-
nadia and exposed silica.

Curve 5C shows the Raman spectrum of
the 6.4V-Cab sample after reaction. Com-
pared with Curve SB, a significant decrease
in the intensity of the 1040-cm ™' peak and

AT
1000 800 600 400 200
Wavenumber (cm )

Fic. 5. Laser Raman spectra of (A) unsupported
V;0: (untreated), (B) 6.4V-Cab before reaction, (C)
6.4V-Cab after reaction, (D) 0.53V-Cab before reac-
tion, (E) 0.53V-Cab after reaction, (F) Cabosil silica.
and (G) 6.4V-Cab treated at 600°C. The sample in (B)
was treated in vacuo at 520°C for 1 h and exposed to
dry O, at 520°C for 0.5 h. Spectra were collected in an
Q, atmosphere. Samples (D). (F), and (G) were treated
in vacno and in dry O, as described above at 600°C.
Samples (C) and (E) were exposed to He/O, (10%) at
520°C for 3 h after reaction. Spectra were collected in
an N, atmosphere.
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an increase in that of the 998-cm™! peak
characteristic of crystailine V,04 were ob-
served. Like the 6.4V-AWS sample, the
6.4V-Cab sample which had not been ex-
posed to reaction conditions but was sub-
jected to the same postreaction treatment
showed the same spectrum as that of a fresh
sample.

Contrary to the 6.4V-AWS and 6.4V-Cab
samples, Curves 4E and SE show that the
spectrum of the 0.58V-AWS and 0.53V-
AWS samples after reaction were essen-
tially unchanged compared with the fresh
samples.

Curve 5G shows the Raman spectrum of
the 6.4V-Cab sample treated in vacuo at
600°C but otherwise as described above. It
shows a smaller ratio of dispersed vanadia
to crystalline V,0Os than that on the same
sample but treated only to 520°C (Curve 5B).
Thus, high-temperature treatment in vacuo
increased aggregation of the vanadia
species.

Thermogravimetric Analysis

The 6.4V-AWS sample was black after
reaction before the TGA experiment was
conducted. However, the sample regained
its original orange color after these experi-
ments. For a 25-mg sample after desorption
of water, a consistent weight loss of about
0.2 mg was detected as the temperature was
raised from 100 to 600°C. This weight loss
was due to carbonaceous deposits on the
catalyst burned off by the O, in the gas
stream minus the weight gain due to oxida-
tion of vanadia. An accurate weight loss be-
yond the background noise could not be ob-
tained for the 0.58V-AWS sample.

The carbonaceous residue on the used
0.58V-AWS and 6.4V-AWS were detected
by treating the samples in O, and determin-
ing the amounts of CO, released. For the
experiment with the 0.58V-AWS sample,
the amount of CO, collected was within er-
ror the same as the blank experiment with-
out the catalyst. For the 6.4V-AWS sample,
it was 15% higher than that collected in the
blank experiment. Thus the color change,
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TABLE 3

Na and Ca Impurities in Silica

Silica Na (ppm) Ca (ppm)
Davison >600 >600
as received
AWS 10 200
Cabosil 0 0

the TGA results and these results supported
the fact that there was substantially more
carbon deposit on the 6.4V-AWS sample
than the 0.58V-AWS sample.

Na and Ca Impurities in Silica

The concentrations of sodium and cal-
cium in the silica samples used as support
are shown in Table 3. Acid-washing the
Davison silica reduced the levels of Na and
Catoless than 10and 200 ppm, respectively.
Other impurities such as Ti, Al, and Fe were
present at levels below 100 ppm. However,
acid-washing did not lower the levels of
these elements. No Na, Ca, Ti, Al, or Fe
were detected in Cabosil silica.

DISCUSSION
Vanadia Structure

The vanadia structure formed on metal
oxide-supported samples has been investi-
gated with many different techniques such
as X-ray diffraction (/2), laser Raman spec-
troscopy (13—-17), UV-visible spectroscopy
(16), EXAFS (26), 'V NMR (5, 19, 27), and
ESR (28). On silica-supported samples
of interest in this study, only two
forms of vanadia have been observed:
a highly dispersed form of the structure
(§i-0);=V=0, in which the V ion is in
the tetrahedral coordination and the fre-
quency of the stretching vibration of V=0
is 1040 cm ™!, and crystalline V,0 (14-17).
The assignment of the 1040 cm~! to a sur-
face species is supported by the fact that
this peak is affected reversibly by the hy-
dration—dehydration process (16, 17). Due
to the weak interaction of vanadia with the
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silica support, crystalline V,0; is detected
when the vanadia loading is well below a
monolayer equivalent. The Raman charac-
terization of the samples in this study (Figs.
4 and 5) shows that these samples are similar
to those reported in the literature. Only the
1040-cm ™! peak indicating the presence of
the (Si-0);=V=0 species was evident
for the 0.53V-Cab and 0.58V-AWS samples,
whereas peaks of both this species and crys-
talline V,0; were found on the 6.4V-Cab
and 6.4V-AWS samples. Since a monolayer
equivalent corresponds to loadings of 15 and
29 wt% V, respectively, on AWS and Ca-
bosil silica based on a V-V distance of 0.34
nm as in NH,VO, (5), crystalline V,0; are
formed at much lower loadings than a
monolayer equivalent on these silica sup-
ports.

Although it is not trivial without suitable
calibration to use intensities of Raman scat-
tered peaks to determine the amounts of
dispersed vanadia and crystalline V,Os
quantitatively due to the fact that V,Oscrys-
tallites are more Raman active than the dis-
persed species (10, 11, 15), one can use them
to compare the ratios of these species on
different supports. From the relative inten-
sities of the 1040- and 998-cm ™' peaks in
Curves 4B and 5B, it can be concluded that
the ratio of the dispersed vanadia to crystal-
line V,Oyis higher in 6.4V-Cab thanin 6.4V-
AWS. This may be due to the larger surface
area of the Cabosil silica compared to the
Davison silica.

The amounts of dispersed vanadia species
relative to crystalline V,Os on the two higher
loading samples decreased after the samples
were used in reaction (Curves 4C and 5C).
That is, the dispersed vanadia had aggre-
gated into crystalline V,05 under reaction
conditions. On the contrary, only dispersed
vanadia was detected on the 0.58-AWS and
0.53V-Cab samples before and after reac-
tion indicating that no detectable aggrega-
tion of the well-dispersed vanadia had oc-
curred on these samples.

Aggregation of vanadia into crystalline
V,0; was also observed on the high loading
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silica-supported samples due to thermal
treatments. This is evident when Curve 5G
for the 6.4V-Cab sample after treatment at
600°C is compared with Curve 5B. How-
ever, no aggregation was observed for the
lower loading 0.53V-Cab sample after a sim-
ilar treatment. Treatment at 520°C (the reac-
tion temperature) of the 6.4V-Cab sample
either in vacuo or in an He/O, flow did not
result in any detectable aggregation. Thus,
the aggregation observed after use in reac-
tion was not aresult of the thermal treatment
of the sample. Baiker et al. have also ob-
served aggregation of vanadia supported on
silica under reaction conditions for the se-
lective catalytic reduction of nitric oxide
with ammonia (29). They reported that the
stability of the well-dispersed vanadia spe-
cies decreased with increasing reaction tem-
perature and vanadia loading.

Aggregation of vanadia due to reduction
has been reported for Al,O;- or TiO,-sup-
ported vanadia samples (30-33). Thus, the
aggregation of vanadia in the SiO, samples
after reaction in this study might reflect the
fact that the vanadia in the high-loading sam-
plesisinareduced state under reaction con-
ditions. This is consistent with the color
change of the samples after reaction. The
color of the low-loading samples remained
light after reaction and their Raman spectra
did not change. However, the color of the
high loading samples turned dark green or
black, which might be a result of reduction
of the vanadium ion.

The formation of carbonaceous residues
on the surface also contributes to the color
change of the sample. The TGA experi-
ments conducted in a He/O, atmosphere on
the 6.4V-AWS sample after reaction
showed a weight loss. The original orange
color of the samples was restored after these
experiments. In addition, CO, was observed
to evolve from the sample when heated in
O,. These observations indicate that car-
bonaceous deposits were formed on the
6.4V-AWS sample during reaction. In con-
trast, no detectable carbonaceous deposits
were formed on the 0.58V-AWS sample,
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since they did not turn dark in color after
reaction, and no CO, evolution was ob-
served when the sample was heated in O,.

One scenario to explain these data is that
the vanadia species undergo redox cycle
during reaction, which promotes migration
of the dispersed species. In the high-loading
samples, the initial concentration of the dis-
persed vanadia species is high. Thus the
probability of agglomeration of these spe-
cies is also high and crystallites of V,0; are
formed readily. The selectivity for dehydro-
genation on crystalline V,Os (or V,05_,) is
much lower than on the dispersed vanadia
species. Thus there are more oxygenated
surface intermediates produced on the
higher loading samples that form carbona-
ceous deposits.

Reaction Studies

The results of the reaction study shows
that the samples differ in two aspects. The
selectivity for dehydrogenation is higher
(Fig. 1) and the apparent activation energy
is lower on the lower loading samples (Figs.
2 and 3). Interestingly, the rate of butane
conversion per vanadium is comparable on
all samples (Table 2). The differences in de-
hydrogenation selectivity correlate with the
different vanadia structures present under
reaction conditions. Catalysts containing
well-dispersed vanadia produce higher total
dehydrogenation selectivity than the cata-
lysts containing crystalline V,0; (or
V.0 ).

In the oxidation of butane, the most prob-
able first step involves activating the butane
molecule by breaking a C—H bond. Pepera
et al. found a deuterium kinetic isotope ef-
fect for the oxidation of butane to maleic
anhydride over a V—P—O catalyst at the
secondary carbon of the butane molecule
(34). Comparison of the reaction rate of al-
kanes containing primary, secondary, or
tertiary C—H bonds also arrives at a similar
conclusion (35). After breaking the first
C—H bond, a surface alkyl species is
formed. Abstraction of the second hydrogen
would lead to the production of dehydroge-
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nation products 1-butene, cis- or trans-2-
butene. Further hydrogen abstraction
would produce an adsorbed 7-allyl species
which could lead to the production of 1,3-
butadiene (36).

Formation of oxygen-containing products
such as CO, and oxygenates involves the
insertion of an oxygen atom into the ad-
sorbed species. Whether oxygen is inserted
into the adsorbed intermediate and where
the insertion occurs are factors which deter-
mine the product formed (37). If one as-
sumes that lattice oxygen is involved in this
oxygen-insertion step, an assumption that
has been supported by data in butane oxida-
tion over orthovanadates and vanadia sup-
ported on alumina (38, 39), then the redox
properties of the vanadia should be im-
portant in determining the observed selec-
tivity. In particular, the availability, in terms
of ease of removal from the lattice, and the
number of available lattice oxygen ions at
the active site would be the determining
factor.

There is no information in this study on
the V—O bond involved in the rate-limiting
step. It has been suggested in the literature
based on indirect observations that the
V—O—AM bridging bond is involved (35,
40). This is assumed to apply here also.

The structure of the dispersed vanadia
species as proposed in the literature is a
vanadyl group bonded to three oxygen ions
of the support. Activation of a butane mole-
cule by this species could lead to the forma-
tion of species II in Fig. 6. Cleavage of a
second C—H bond results in the formation
of species Il (Fig. 6) which forms species
1V after desorption of the alkene. The vana-
dium in species I11 is in a reduced state, and
it can be reoxidized only by reaction with
gaseous oxygen. Thus the active site at this
point is inactive for oxidation, and further
oxidation of the hydrocarbon species is dif-
ficult. On the other hand, reoxidation of a
reduced site on the V,O,_, surface can be
rapid due to the high mobility of attice oxy-
gen at high temperatures (23). Thus, a much
larger number of oxygen atoms is potentially
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available for the active sites on crystalline
V,0s to oxidize the hydrocarbon species,
which causes the catalyst to be less se-
lective.

The above discussion applies to the pro-
duction of the initial products. As conver-
sion is increased to 10-15%, dehydrogena-
tion selectivity decreases rapidly to less
than 10% for the 6.4V-AWS and 6.4V-Cab
samples (Fig. 1). The decrease occurs much
more rapidly on these than on the lower
loading samples. The decrease in dehydro-
genation selectivity as the conversion in-
creases is to be expected due to secondary
reactions. The difference between the
higher and the lower loading samples indi-
cates that secondary reactions occur faster
on the former.

It is interesting that lower apparent acti-
vation energies (about 110 kJ/mol) are ob-
served for the 0.58V-AWS and 0.53V-Cab
samples than the 164 kJ/mol observed for
the 6.4V-AWS and 6.4V-Cab samples. If the
rate-limiting step is the breaking of the first
C-H bond, then the result implies that this
step occurs with a lower activation energy
on the dispersed vanadia species than on
the crystalline V,0; surface. Perhaps this is
due to the fact that the vanadium ion in
dispersed vanadia (species I, Fig. 6) is tetra-
hedrally coordinated. This open structure
permits the butane molecule a close ap-
proach to the V ion. In contrast, the vana-
dium ion on the (010) plane of V,0O;s has
a square-pyramidal coordination. Thus, the
vanadium ion is less accessible to the butane
molecule. This results in a higher activation
energy for the first reaction step.

In addition to the steric effect, the bridg-
ing oxygen proposed to be involved in the
first step is bonded to one Si and one V ion
in the highly dispersed species, but to two
V ions in V,0;s. The different electronic
structures of the oxygen ions could also con-
tribute to the different activation energies.

The trend in activation energy is similar
to that for the reduction process. Rooze-
boom et al. studied the silica-supported va-
nadia with temperature-programmed reduc-
tion (TPR) (/2). They observed that
crystalline V,Ojs and silica-supported sam-
ples which contained crystalline V,Os, re-
duced at higher temperatures than silica-
supported samples with dispersed vanadia.
Their observation has been reproduced in
our laboratory. Since the reduction temper-
ature is related to the magnitude of the acti-
vation energy, it can be concluded that the
activation energy for reduction by H, is
lower on the lower loading samples. In this
case, the difference in activation energies is
most likely due to the different electronic
characteristics of the surface bonds in-
volved, since steric effect should be small.

The rates of butane conversion per mol
of V are shown in Table 2. They are within
a factor of 2 on the two samples. This is
interesting considering the differences in
dispersion. The 0.58V-AWS and 0.53V-Cab
samples contain only dispersed vanadia. It
may be assumed that all the vanadium ions
are available for reaction. However, the
6.4V-AWS and 6.4V-Cab samples contain
small crystallites of vanadium oxide. Thus,
only a fraction of the vanadium is on the
surface. The data in Table 2 imply that the
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vanadia on the surface of the 6.4V-AWS and
6.4V-Cab samples are more active than the
dispersed vanadia on the 0.58V-AWS and
0.53V-Cab samples. The difference, how-
ever, should be less than a factor of ten
because the crystallites of V,0s are so small
that they are not detectable by ordinary X-
ray diffraction.

The similarity in the reaction rates on the
different samples is interesting in view of
the different activation energies. It suggests
a compensation effect, that is, the preexpo-
nential factor is smaller for the lower loading
samples. A smaller preexponential factor
could be interpreted as a more negative en-
tropy of activation (AS?), that is, the transi-
tion state is more rigidly bound. This is con-
sistent with the picture presented earlier
that on the lower loading sample, the butane
molecule can have a closer approach to the
dispersed vanadia site. This closer approach
leads to a lower activation energy, while
tighter bonding and stronger interaction pro-
duces a more negative ASt. To account for
the data by this effect alone, AST needs to
be more negative by at least 37 J/K-mol for
the lower loading sample, which is close to
the value of one degree of freedom of the
translational motion.

The above discussion assumes that the
same rate-limiting step of C—H bond break-
ing applies to both high- and low-loading
samples. However, the possibility that the
vanadia species in the high loading samples
are in a reduced state under reaction condi-
tions, whereas those in the low loading sam-
ples are in the fully oxidized state would
suggest that the rate-limiting steps are differ-
ent on the different samples. To be in a re-
duced state, the rate of reoxidation by gas-
eous oxygen of the high loading samples
must be relatively slow compared to the
other steps in the reaction sequence. If so,
the different activation energies for samples
of different loadings would be the result of
different rate-limiting steps.

CONCLUSION

The catalytic properties in the oxidation
of butane and the structure of vanadia spe-
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cies on silica-supported catalysts were
found to depend on the loading. Only highly
dispersed vanadia existed on the 0.56V-
AWS and 0.53V-Cab samples, while crystal-
line V,05 species as well as dispersed va-
nadia existed on the 6.4V-AWS and 6.4V-
Cab samples. The vanadia onthe 6.4V-AWS
and 6.4V-Cab samples had low stability and
tended to aggregate under reaction condi-
tions and at elevated temperatures. The
highly dispersed species in the 0.56V-AWS
and 0.53V-Cab samples remained un-
changed under reaction conditions and at
elevated temperatures. These latter samples
were more selective to dehydrogenation
products in butane oxidation and exhibited
lower activation energies for the reaction.
The differences in selectivity were attrib-
uted to the availability of lattice oxygen
atoms (in terms of number) being higher on
the samples containing crystalline V,0, than
those with dispersed vanadia. The differ-
ence in the activation energy was due either
to the different steric effects in the approach
of a butane molecule to the active sites or
to different rate-limiting steps.
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